Oat seeds of cultivars susceptible and resistant to Helminthosporium victoriae were held for various times in pathogen-produced, host-specific toxin solutions; control seeds were in water. Seeds were then washed thoroughly and incubated on moist paper, or dried and stored for 2-3 weeks before germination was attempted. In both cases, germination of susceptible seeds was prevented by previous exposure to toxin for 1 hour or more. Control seeds and treated resistant seeds grew normally. Toxin Several lines of evidence show that resistance of oats (Avena sativa L.) to infection by Helminthosporium victoriae Meehan and Murphy is the same as resistance to the pathogen-produced, host-specific toxin (HV-toxin) (12, 18). Many of the data behind this conclusion were obtained from experiments with germinating seeds and young seedlings. The validity of the conclusion is further supported by the fact that toxin rather than the fungus can be used to screen for disease resistance (16). Experiments to determine action of toxin have relied heavily on use of young seedling shoot and root tissue (12). Even the standard bioassays for toxin depend on use of germinating seeds (7). Nevertheless, there is little detailed information on the effects of toxin on seed germination.
Several lines of evidence show that resistance of oats (Avena sativa L.) to infection by Helminthosporium victoriae Meehan and Murphy is the same as resistance to the pathogen-produced, host-specific toxin (HV-toxin) (12, 18) . Many of the data behind this conclusion were obtained from experiments with germinating seeds and young seedlings. The validity of the conclusion is further supported by the fact that toxin rather than the fungus can be used to screen for disease resistance (16) . Experiments to determine action of toxin have relied heavily on use of young seedling shoot and root tissue (12) . Even the standard bioassays for toxin depend on use of germinating seeds (7) . Nevertheless, there is little detailed information on the effects of toxin on seed germination.
We have attempted in this study to determine the effects of toxin on resting seeds, on the germination process, and on certain aleurone activities. Aleurone cells in resting seeds are triploid, fully differentiated, nondividing, and have little or no synthetic activity. After seeds imbibe for 24 to 48 hours, gibberellic acid from the embryo activates the synthetic capacity of aleurone cells, causing them to synthesize and secrete a-amylase and other 1 Journal Article 4917, Michigan Agricultural Experiment Station.
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enzymes (2) . These enzymes make the carbon and nitrogen stored in the endosperm available to the developing seedlings. Aleurone cells separated from the embryo secrete no amylase until they are activated by an exogenous supply of GA (14) .
Results of the study should be considered in relation to several hypothetical concepts of disease and toxin resistance. According to one hypothesis, disease resistance is based on synthesis of antifungal substances by the host after contact with the pathogen. There is strong support for this hypothesis (4), but to date there is no conclusive evidence that it can account for disease resistance in general. An alternative hypothesis is that disease resistance is a constitutive, possibly passive, characteristic of certain plants. Constitutive rather than induced resistance would seem more plausible if seeds and aleurone cells in a resting condition would express resistance. In either case, the aleurone layer is a simplified system for resistance studies, and for studies on the effects of toxins on plant metabolism. A further advantage of the model is that susceptibility or resistance to HV-toxin (and to H. victoriae) is determined at a single gene locus (7, 12 ). An abstract describing some of this work has been published (10) .
MATERIALS AND METHODS
Oat seeds susceptible (cv. Park) and resistant (cv. Clinton) to H. victoriae and to HV-toxin were used in all experiments. Aleurone cells were obtained by cutting seeds into two parts and discarding the part containing the embryo (14) . For germination tests, the glumes were removed and seeds were surface-sterilized with 0.5%O sodium hypochlorite for 15 min, rinsed with sterile distilled water, and incubated on wet filter paper in the dark at 25 C. Root growth and percentage of germination were determined after incubation for 4 days. All germination data are averages of at least 200 seeds per treatment. All experiments were repeated two or more times; the data given are for representative single experiments.
Ion leakage from seeds or aleurone cells into the ambient solution was measured with a conductivity bridge (11) . Total carbohydrate in the germination medium was determined with a modified Dreywood's anthrone reagent (5 and various concentrations of gibberellic acid (GA3, Abbott Laboratories). Toxin and chloramphenicol were filter-sterilized and added to the autoclaved solution containing the other components. After half-seeds were incubated at 25 C on a Dubnoff metabolic shaker, 1 ml of water was added and the solution was decanted. The half-seeds were rinsed with 2.5 ml of water, and the rinsings were combined with the decanted medium. The halfseeds were ground to a thick paste in a mortar with sand and 0.8 ml of 0.2 M NaCl. The homogenate was diluted with 4.0 ml of 0.2 M NaCl and centrifuged at 2000g for 10 min. The supernatant decanted after the centrifugation is referred to as the extract.
A standard a-amylase assay was used (1, 3, 14) . A suitable volume (0.02-0.2 ml) of medium or extract was diluted with water to bring the total volume to 1.0 ml. Starch solution (1 ml) was added as a substrate for a-amylase. After 1 to 5 min, the reaction was stopped by adding 1.0 ml of iodine reagent (1, 3) . Five milliliters of distilled water were then added, the solution was stirred, and the absorbance at 620 m,u was determined. The decrease in absorbance was directly proportional to aamylase activity. Calibration with purified malt a-amylase showed a conversion factor of 2.7 Mig of a-amylase per unit of absorbance change. Starch and iodine reagents were prepared by the methods of Jones and Varner (3) .
The toxin preparation, partially purified as described previously (11), completely inhibited growth of susceptible oat seedling roots at 0.0016 Mg/iml. Inactivated toxin was prepared by adjusting the solution to pH 7.0 and autoclaving for 1 hr on each of 3 successive days. The volume was adjusted to the original level, the pH was lowered to 5.0, and the preparation was bioassayed by the standard procedure (7); there was complete loss of activity. RESULTS
Effects of Toxin on Seed Germination. If seeds are allowed to imbibe water for sufficient time, the process of germination is irreversibly activated. This critical time was determined for H. victoriae-susceptible and -resistant oats. Batches of seeds were held in water for 4, 8, 12, or 16 hr, then dried under vacuum over CaCl1 and P205. Following a 48-to 72-hr drying treatment, seeds were stored at 25 C and 50% relative humidity for 2 to 3 weeks. Attempts were then made to germinate the seeds. Results showed that seeds had no significant loss of germination capacity following imbibition for 12 hr or less before they were dried (Table I ). There was a significant loss of germination capacity when seeds were imbibed for 16 hr before they were dried. The capacity of seeds to imbibe and dry and later germinate made possible certain experiments with toxin.
Dry resting seeds of H. victoriae-susceptible and -resistant oats were placed in toxin solution (0.16 Mg/ml) and held for a series of exposure times. Controls were held in water. Seeds were then washed in running tap water for 1 hr and incubated on moist filter paper in the dark at 25 C. Only 50 to 60% of susceptible seeds germinated after 30 min of exposure to toxin, and only 8% germinated after 1 hr of exposure. Untreated controls and toxintreated resistant seeds always had >75 % germination (Table II) . In other experiments, seeds were given different exposures to toxin solutions, washed, dried, and stored for 2 to 3 weeks before germination was attempted. Results were similar to those given in Table II ; they indicate that resting susceptible and resistant seeds respond or fail to respond to toxin the same as do vegetative tissues.
Attempts were made to recover toxin from seeds that were treated and dried. Weighed batches of seeds were allowed to 45, 1970 hr. After 12 hr, the toxin-treated seeds clearly lost more carbohydrate than did the controls (Fig. 1) . These data do not tell us the source of leaked carbohydrate, which may be the embryo, living aleurone cells, or dead starch storage cells. Results with inactivated toxin were essentially the same as those with water.
Effect of Toxin on Respiration of Germinating Seeds and Aleurone Cells. Seeds were placed in Warburg flasks (40 per flask) in water or in toxin solution (0.16 ,g/ml), and oxygen uptake was measured at intervals over an 18-hr period. During the first 5 hr oxygen uptake increased from not detectable to approximately 1.5 ,l per seed per hr. Gas exchange remained at this relatively low level for another 7 hr. About 12 hr after imbibition began, a second rapid increase in respiration rate occurred (Fig. 2) . This coincides with the time of irreversible activation of germination (Table I) first 12 hr of imbibition, which may be considered a passive phase of germination. In another experiment, 2,4-dinitrophenol (10-4 M) also failed to affect oxygen uptake during this time. After 12 hr, oxygen uptake by toxin-treated seeds was well above uptake by control seeds (Fig. 2) . Aleurone cells are the only cells capable of active metabolism in half-seeds without embryos. Such preparations were allowed to imbibe for 24 hr and placed in Warburg flasks. Each vessel had 0.5 g of half-seeds (without embryos) in 2 ml of McIlvain's buffer (0.05 M, pH 5.8) containing 0.16 ,ug of toxin per ml. Control vessels had deactivated toxin or buffer without toxin. Toxin caused little (15-25%) or no increase in oxygen uptake by aleurone tissue in five different experiments. Oxygen uptake in the presence of inactivated toxin was the same as in water. In contrast, toxin can cause >100% increase in oxygen uptake by leaf tissue (12) .
In another experiment, freshly cut half-seeds without embryos were placed in water or in toxin solution in Warburg flasks. Oxygen uptake by toxin-treated and control aleurone tissue did not differ over a 10-hr period. Longer times were not considered reliable because of possible bacterial growth.
Effects of Toxin on a-Amylase Prodnuction by Aleurone Cells. Half-seeds devoid of embryos were used to test the possibility that toxin interferes with GA-induced syntheses, which precede seed germination. The system chosen for study was the production and release of a-amylase, a well defined activity of aleurone cells. Preliminary experiments showed that toxin did not affect GA or a-amylase activities. Toxin + GA solutions were held overnight and tested; there was no effect on GA activity on toxininsensitive plants. Barley aleurone, which is not sensitive to HVtoxin, responded to GA in the presence of toxin with normal production of a-amylase.
Oat aleurone tissue was allowed to imbibe for 48 hr and then incubated with GA or with GA plus toxin. Control susceptible and resistant aleurone cells produced little or no a-amylase without exogenous GA (Table III) . In the presence of 0.1 ,UM GA, there was ample production of amylase. Toxin (0.016 ,ug/ml) completely inhibited GA-induced a-amylase synthesis and release by susceptible aleurone cells but did not affect production by resistant oat cells. In other experiments, freshly excised aleurone cells were placed in toxin or in control solutions or were allowed to imbibe for 48 hr before toxin was added along with GA. Toxin-treated susceptible aleurone cells failed to produce a-amylase in every case. In a time course study, addition of GA to aleurone cells resulted in a linear increase in a-amylase after a lag period of 6 to 8 hr (Fig. 3) . Toxin added along with GA or after 11 hr of GA induction completely inhibited further synthesis and release of a-amylase by susceptible aleurone cells.
A double reciprocal plot of a-amylase release against GA con- We have considered other possible explanations of resistance to H. victoriae. Previous data indicate no significant role for postinvasion-produced phytoalexins (6) . The difference between resistant and susceptible oat cultivars is controlled at a single gene locus (7, 12) , a fact not easily rationalized in multifactor hypotheses of resistance (4) . An earlier claim held that resistance to H. victoriae is based on greater ability of resistant than of susceptible tissues to inactivate toxin (8) , which would seem to imply that metabolic energy is involved in inactivation. These claims could not be confirmed (7) . Recent work by Wheeler (15) Plant Physiol. Vol. 45, 1970 has shown that resistant and susceptible tissues inactivate toxin at equal rates for the first 8 to 12 hr, until susceptible cells become disorganized. In contrast, susceptibility or resistance to toxin was evident within 2 min when leaf tissues were used (9), and within 30 min when aleurone cells and resting seeds were used. Thus all available data indicate that toxin inactivation is not a satisfactory explanation of resistance.
